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THE PHENOMENON OF HOT-SALT 
STRESS-CORROSION CRACKING 

OF TITANIUM ALLOYS 

INTRODUCTION 

Many d iverse  problems requi re  so lu t ion  i n  order  t o  develop a 

supersonic  t r anspor t  (SST) with the  desired c h a r a c t e r i s t i c s  of maximum 

range and u s e f u l  payload. 

ma te r i a l s  f o r  the  a i r  frame and skin. V e r y  few ma te r i a l s  can meet t he  

severe requirements f o r  SST serv ice .  

of t he  frame and sk in  may reach 550 F o r  possibly higher.  

s t r eng th  r ap id ly  a t  considerably lower temperatures, so t h a t  candidate 

metals  a r e  l imi ted  t o  t i t an ium a l loys ,  high-strength s t e e l s ,  and super 

a l loys .  Of these  metals, only t i t an ium a l loys  possess a favorable  

strength-to-weight r a t i o ,  making them prime candidates  f o r  t he  a i r  frame. 

I n  addi t ion,  t i t an ium a l l o y s  evince exce l l en t  corrosion resis- 

Of primary importance i s  t h e  s e l e c t i o n  of 

For example, a t  Mach 3 por t ions  

Aluminum loses  

tance t o  a wide v a r i e t y  of environments. For example, it i s  we l l  es tab-  

l i shed  t h a t  t e n s i l e - s t r e s s e d  t i t an ium a l loys  a t  ambient temperatures a r e  

completely immune t o  s t ress -cor ros ion  cracking i n  marine and o ther  chlor-  

i de  conta in ing  atmospheres which may cause rapid f a i l u r e  of aluminum 

a l loys ,  s t a i n l e s s  steels, and high-strength,  low-alloy s t ee l s .  On the  

o ther  hand, t i t an ium a l l o y s  have been observed t o  crack i n  the  labora tory  

a t  temperatures of 600 F o r  higher  when the  sur face  under tens ion  i s  con- 

taminated wi th  dry salt .  This type of f a i lu re ,  which has  been i d e n t i f i e d  

as a form of s t r e s s -co r ros ion  cracking, a l s o  has  been observed during the  

f a b r i c a t i o n  of salt-contaminated t i t an ium a l loys  a t  temperatures up t o  

1300 F. 

Although t i tan ium a l l o y s  possess a number of p rope r t i e s  

which make them very a t t r a c t i v e  f o r  the  U. S. vers ion  of t he  super- 

sonic  t r anspor t  (SST), some concern has  been expressed t h a t  the  labora tory  



phenomenonof ho t - sa l t  cracking may be a l i m i t i n g  f a c t o r  i n  the  u t i l i t y  

of t h i s  metal  i n  the  SST. I n  view of th i s ,  Battelle was requested t o  

survey the  problem and prepare a s t a t e -o f - the -a r t  report .  

This r epor t  presents  a n  impar t i a l  c r i t i ca l  review of present  

information t o  support and def ine wherever possible  t h e  l i m i t a t i o n s  of 

t i tanium with regard t o  the  phenomenon of h o t - s a l t  s t r e s s -co r ros ion  crack- 

ing. The r epor t  includes: 

(1) A discussion of t h e  f a c t o r s  and cu r ren t  s t a t e  of knowledge 

of s t r e s s -co r ros ion  cracking of t i tanium a l l o y s  by hot  s a l t ,  

and the  mechanism of a t t a c k  as p re sen t ly  envisioned i n  

r e l a t i o n  t o  the  service condi t ions a n t i c i p a t e d  f o r  t h e  SST. 

(2) A discussion of t h e  var ious laboratory procedures now being 

used f o r  the  evaluat ion of s u s c e p t i b i l i t y .  Comments are 

a l s o  made on whether o r  not a standardized procedure suog - ests 

i t s e l f  a t  t h i s  t i m e .  

I d e n t i f i c a t i o n  i s  made of some of the zaps i n  t h e  present  

s ta te  of knowledge on the  h o t - s a l t  problem 2nd recommenda- 

t i o n s  are made f o r  research programs t o  f i l l  i n  t hese  gaps. 

(3) 
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STRESS-CORROSIOI? CPACKIIJG OF TITANIUPi ALLOYS 

C o m e r c i a l l y  pure t i t an ium has not been found t o  f a i l  by s t r e s s -  

cor ros ion  cracking. Nor do the  common test  solut ions,  such as ch lor ides  

and caus t i c s ,  which r ap id ly  crack aluminum, s t a i n l e s s  steels, carbon steels, 

and o the r  common materials of construct ion,  have any e f f e c t  on t i t an ium 

a l loys .  However, titanium a l l o y s  w i l l  s t ress -cor ros ion  crack a t  anbien t  

temperatures under certain s p e c i f i c  conditions,  

t e r ed  i n  red fuming. n i t r i c  a c i d  and i n  hydrochloric acid,  

shows t h a t  only i f  t he  r i g h t  combination of s t r e s s ,  me ta l lu rg ica l  h i s tory ,  

and environmental f a c t o r s  i s  present  w i l l  cracks i n i t i a t e  and propagate. 

Cracking has been encoun- 

Fur ther  s tu sy  

Perhaps of g rea t e r  i n t e r e s t  t o  the present  d i scuss ion  i s  the  

s t r e s s -co r ros ion  cracking assoc ia ted  with the vapor degreasing of t i t an ium 

a l loys .  There i s  evidence t h a t  t he  res idue  from chlor ina ted  hydrocarbon 

so lvents  contains  hydrochlor ic  acid.  When suscept ib le  t i t an ium a l l o y  p a r t s  

a r e  decreased i n  a solvent  such a s  t r ichloroethylene,  then heated and sub- 

j ec t ed  t o  t e n s i l e  s t r e s ses ,  cracks may develop leading t o  f a i l u r e  of t h e  

par ts .  

operations.  

This  phenomenon has  been observed i n  f a b r i c a t i o n  and proof- tes t ing  

There may be a r e l a t i o n s h i p  between the  stress cracking of ho t  

t i t an ium caused by ch lor ide  res idue  from chlor inated so lvents  and the  

cracking experienced i n  the  presence of salt. 

His tory  of Hot-Salt Craclcina of Ti;anium Allovs 

Although the  presence of s a l t  a s  a f a c t o r  t7as not recognized a t  

f i r s t ,  the loss of p rope r t i e s  that r e s u l t  when the  sur face  is contaminated 

v7as observed i n  samples of t i t an ium a l l o y  undergoing creep t e s t ing .  G. I.J. 

Bower, la te  i n  1955, reported su r face  cracking of the  Ti-OU-4V a l l o y  dur- 

ing creep exposure a t  700 F and a t  about 50,000 t o  60,000 p s i  s t r e s s .  The 

cracking a t  t h a t  t i m e  w a s  a t t r i b u t e d  t o  surface eclbrittlement induced by 

oxidation, 

repea t  t he  f a i l u r e ,  

Among others ,  TIEA and Rem-Cru Laboratories could a t  f i r s t  not 

Later, T E A  reported encountering the  same  phenomenon 
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on the  t e s t i n g  of a Ti-A1-110-V experimental  a l l o y  a t  high stress and a t  

650 I?. 
t i o n  of the f r a c t u r e s  of the  embr i t t l ed  specimens revealed l o c a l  a t t a c k  

o r ig ina t ing  a t  the  sur€ace. These s i t e s  apparent ly  cracked during t h e  

exposure a t  e leva ted  temperature and high stress. 
cracks were assoc ia ted  with a mott led gray sur face  oxide i n  the  p a t t e r n  of 

f ingerpr in ts .  It was suggested t h a t  some ingredien t  i n  human p e r s p i r a t i o n  

might be assoc ia ted  with the  cracking. 

pure sodium chlor ide  produced cracking. 

r e s u l t  of a type of stress corrosion involving e leva ted  temperatures, high 

stress, and sodium chloride.  

search Foundation, the  t i t an ium producers ' l abora tor ies ,  Battelle, etc., 

confirmed these  r e s u l t s  independently. 

Duplicate tests d id  not  give the  same resu l t s .  A c lose  examina- 

I n  c e r t a i n  ins tances  t h e  

Tes t ing  of specimens i n  contac t  with 

Cracking w a s  apparent  later as a 

Inves t iga to r s  a t  P r a t t  and Whitney, ITT Re- 

A t  about t h i s  same t i m e ,  cracking was observed on some hot-formed 

shee t  materials. 

temperature-indicatingcompounds. Later these  compounds were found t o  con- 

t a i n  ch lor ide  salts. 

reduced cracking. 

These cracks appeared t o  be a s soc ia t ed  with the  use of 

The use of ch lor ide- f ree  marking materials g r e a t l y  

I n  those e a r l y  days the  P r a t t  and Vhitney A i r c r a f t  Laboratory 

s tudied i n  d e t a i l  the  f a c t o r s  i n  the  s t r e s s -co r ros ion  cracking of titanium. 

Their e a r l y  summary is published i n  THL Report 88 of the  Titanium Metallur- 

g i c a l  Laboratory (now c a l l e d  Defense Netals Information Center a t  Ba t t e l l e ) .  

P r a t t  and l lhitney subjected heavi ly  s a l t e d  d i s c s  and blade assemblies of 

the  5-57 engine t o  elevated-temperature bend t e s t s ,  using var ious a i r  flow 
veloc i t ies .  These tests approached the  type of compressor s a l t  exposures 

an t i c ipa t ed  i n  se rv i ce  operation. Temperature and s t r e s s  leve ls ,  however, 

were above those used i n  cu r ren t  production engines. 

P r a t t  and Whitney engines i n  service are designed t o  opera te  a t  a maximum 

temperature of 750 F. The maximum d iame t r i ca l  growth i n  c reep  i s  l imi ted  

t o  1/10 of 1 per  cent. 

dicated t h a t  the  s t r e s s e s  which produce creep extensions up t o  1/10 of 1 

pe r  cent  a t  temperatures up t o  COO F do not  cause s t r e s s -co r ros ion  cracking 

i n  the presence of sa l t  i n  service.  

Titanium d i s c s  i n  

High-velocity a i r c r a f t  experience on discs has in- 
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Ear ly  workers recognized that since temperatures as high as 600 F 
are poss ib le  on the  leading edges of the exposed t i t an ium s t r u c t u r a l  mem- 

be r s  of the  Mach 3 supersonic t ransport ,  the problem of ho t - sa l t  stress- 

corrosion cracking would be important. 

Fabricat ion Experience 

Convair has studied the  problem of s u s c e p t i b i l i t y  t o  stress- 

corrosion cracking during shop processing, 

Ti-7A1-12Cr and Ti-5A1-5Zr-SSn with Ti-8Al-lXo-lV. 

A comparison was made of 

T e s t s  were conducted a t  1300 F since t h i s  temperature w a s  se- 

lec ted  a s  t y p i c a l  of what may be required i n  a hot  forming o r  a hot s i z i n g  

operation. D i s t i l l e d  water containing e i t h e r  100, 200, 400, 600, o r  1000 

p a r t s  sodium chlor ide  w a s  appl ied t o  t h e  t i tanium surface. 

s t r e s sed  by bending specimens 0.032 x 1 in.x 12 i r r  i n t o  a hoop having a 
2-1/2 in.tadivs and r e s t r a ined  i n  t h i s  pos i t ion  with s t a i n l e s s  steel wire. 

Exposure times were 1/2 hour a t  1300 F. 

Samples w e r e  

A l l  three a l l o y s  were found suscept ible  t o  ho t  cracking from 

in t e rg ranu la r  corrosion caused by salt deposi ts  o r  by the residues from 

the  experimental  r i n s e  waters containing as l i t t l e  as 100 ppm NaC1. 

concentrat ions of the  order of 400 ppm are found i n  the  t a p  water ava i l ab le  

i n  San Diego. 

S a l t  

A l l  three a l l o y s  i n  the  program were found t o  be suscept ib le  t o  

ho t - sa l t  s t ress -cor ros ion  cracking during shop forming. Convair maintains 

constant  v ig i lance  i n  order t o  be c e r t a i n  tha t  p a r t s  a r e  f r e e  of chlor ides  

before any hea t in3  operat ions such as hot  forming, ho t  s iz ing,  stress 

re l iev ing ,  o r  welded assembly. 

after chemical e tch ing  and then handled with white gloves. 

ho t  s i z i n g  are steam cleaned t o  remove forming lub r i can t s  and sand b l a s t ed  

and cleaned with a lcohol  and coated with molybdenum d i s u l f i d e  lubricant .  

By purposely avoiding a l l  salt during fabr ica t ion  no t rouble  has been ex- 

perienced. 

For example, a l l  p a r t s  are hand cleaned 

A l l  t o o l s  f o r  
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Tile Ti-8Al-lilo-1V a l l o y  i s  found t o  be very suscep t ib l e  t o  h o t -  

s a l t  cracking under the  conditions encountered i n  f a b r i c a t i o n  shops. The 

only f ac to r  i n  t h i s  s i t u a t i o n  t h a t  can be elimina’ced and s t i l l  make assew 

b l e d  a i r c r a c t  s t r u c t u r e s  i s  the  salt. 

In both P r a t t  and Uhitney shops and i n  t h e i r  subcontractor shops 

a continuous survey i s  made t o  e l iminate  procedures involving the  danger 

of surface embrittlement through i n t e r s t i t i a l  absorption. S a l t  i s  not t he  

only source of cracking. Early experience i n  f a b r i c a t i n g  t i tanium shows 

t h a t  b r i t t l e  surface layers  were produced when t h e  material  was heated i n  

a i r  a t  e levated temperatures. This oxygen enrichment produces mul t ip l e  

surface cracking when the  material is deformed a s  i n  bending. 

The bend t e s t s  were found t o  be the  most rapid and economical 

means f o r  de t ec t ing  t h i s  adverse condition. The naximum exposure t ine 

f o r  hcat inz t i tanium i n  a i r  ranses froin seconds to hours depending on 

whether t he  temperature i s  up i n  t h e  range oE 1600 F o r  down a s  1ox~ as  

1000 9. There i s  a deEini te  difr’erence i n  a l l o y s  and t h e i r  s u s c e p t i b i l i t y  

t o  surface embri2tlement through i n t e r s t i t i a l  absorp”’ cion. 

Jet  Engine Experience 

Prat t  and Uhitney A i r c r a f t  has had more and earlier experience 

with t i tanium than any other  firm. 

t i tanium compressor r o t o r  and i n  1954 the  f i r s t  5-57 engine containiag 

t i tanium components was put  i n t o  service. 

engine program consumed over 50 p e r  cent  of t he  United S t a t e s  production 

of titanium. Several  thousand 5-57 engines containing 10 t o  15 pe r  cen t  

t i tanium have served i n  a v a r i e t y  of a i r c r a f t .  The more recent  and more 

powerful P r a t t  and llhitney 5-75 engine has accumulated more than s i x  

mil l ion hours of f l i g h t  t i m e  i n  commercial and m i l i t a r y  a i r c r a f t .  

1, which i s  extracted from the  P r a t t  and Idhitrzcy report ,  shows t h e  la rge  

percentage of t i tanium used i n  the  j e t  engine and t h e  long periods be- 

tween overhaul (up t o  4000 hours). 

I n  1952 they t e s t e d  t h e i r  f i r s t  

For seve ra l  years the  5-57 

Table 
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P r a t t  and Ilhitney chose t i tanium a l l o y s  f o r  t he  fan  and corn- 

pressor blading t o  take  f u l l  advantage of  corrosion and oxidakion resis- 

tance, low density, high f a t i g u e  s t rength,  high creep s t rength ,  and an  

extremely tough d u c t i l e  metal s t ructure .  

temperature t h a t  they have reached with t i t an ium a l l o y s  thus  f a r  i s  about 

750 F. 

P r a t t  and Glhitney have experienced no 

corrosion cracking f a i l u r e s  i n  service on any of t h e i r  t i tanium a l l o y  com- 

pressors  o r  o the r  t i tanium p a r t s  of t he  j e t  engines. 

t i tanium components, on the  o t h e r  hand, are  bel ieved t o  be lower than 

would be used i n  s t r u c t u r a l  design. However, considering the  long t i m e  i n  

service, and the  temperature range involved, 

some f a i l u r e s  would have been reported by t h i s  t i m e  i f  t he re  were a prob- 

l e m  i n  t h i s  type of service. 

The h ighes t  compressor service 

Experience has  borne out  t h e  dec i s ion  t o  use t i t an ium al loys.  

h o t  sa l t  f a t i g u e  o r  h o t - s a l t  stres-5- 

S t r e s s e s  on these  

it would be expected t h a t  

Based on t h e i r  laboratory experience with Ti-CAl-lI4o-lV a l l o y  

they bel ieve t h i s  material could be used with s a f e t y  at 500 o r  550 F. 

Compressor d i s c s  designed f o r  service above 500 F usual ly  are 

l imited by creep strength.  

produce 1/10 of 1 per  cent  p l a s t i c  deforrration a t  150 hours. 

ranze of temperature i n  the compressor i s  being extended, t h e  creep prop- 

e r t i e s  of the  Ti-GA1-4V a l l o y  are bein=; compared with the higher  s t r eng th  

Ti-8Al-lilo-1V and Pi-5R1-5Zr-5Sn al loys.  Information i s  needed on the  

relative o rde r  of r e s i s t a n c e  of t hese  t h r e e  a l l o y s  t o  h o t - s a l t  stress- 

corrosion cracking. 

A t y p i c a l  c r i t e r i o n  i s  the  stress required t o  

Now t h a t  the  

General Electric a l s o  has  had years of experience i n  t h e  j e t  

engine development program. 

f o r  t he  McDonneU Aircrar't F-4B. This i s  a two-engine supersonic plane. 

The Ti-GA1-4V a l l o y  i s  used i n  thecompressor  s e c t i o n  f o r  t he  wheels. 

blades are  made of Type 403 s t a i n l e s s  steel. There are 17 s t agese  I n  

Stages 1 through 7 the  maximum temperature of 570 F i s  expected. This 

a i r c r a f t  sees extensive se rv ice  on the  decks of, and i n  f l i g h t  over, air- 
craf t  carriers for t h e  Navy. 

An engine i d e n t i f i e d  as the  579-5 i s  supplied 

The 

General Electric a l s o  uses  a n  a l l o y  r e f e r r e d  t o  as  B5F5, which 

i s  a modified 4350 chrome-molybdenum-vanadium a l l o y  steel. Minor corrosion 
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p i t t i n g  has been observed on the  vheels  or d i sc s  made of t h i s  alloy. 

is  a t t r i b u t e d  t o  the  marine s a l t  picked up i n  service. 

a t u r e  reached on steels i s  1050 P a t  a peak stress of 70,000 psi .  

levels on the  blades a r e  low, probably less than 20,000 psi. 

This 

The ma:cimum temper- 

The s t r e s s  

A t  some of t h e  sites i n  the compressor t he  a i r  c i r c u l a t i o n  is 

negl igible .  I n  o ther  words, the  environmental condi t ion is  not too d i f -  

Serent, apparently,  from a sample i n  a creep Curnace. I n  s p i t e  of th i s ,  

t he re  have been no f a i l u r e s  i n  service of any kind, according t o  discus- 

s ions  a t  General Electric. 
I 

I n  another  engine, the  593, Ti-7kk174140 a l l o y  is  used f o r  blades, 

vanes, discs ,  and r ings  i n  the  compressor. Ti-5A1-2.5Sn a l s o  is  used f o r  

some components. Temperatures range from 500 t o  600 F and stress l eve l s  

can be 80,000 t o  55,000 p s i  o r  very c l o s e  t o  the yield.  

pera ture  f o r  3.2 Hach operat ion would be 900 F with peaks as high as 1015 F. 

The maximum tem- 

There are no s p e c i a l  handling precautions i n  assembling the  ti- 

l tanium compressor f o r  t h e  593. Purple t i n t s  showing o x i d a t i o n  are found 

Often f ingermarks are out l ined by t he  oxidat ion pat tern.  a f t e r  exposure. 

The vane received hot  compressor a i r  f o r  an t i - i c ing  con t ro l  a t  roughly 

900 F. 
have been reported up t o  the  present  f o r  t h i s  a l l o y  under these severe con- 

d i t  ions. 

The ve loc i ty  i s  of t h e  order  of 1000 f e e t  per  second. N o  f a i l u r e s  

It should be pointed out, however, t h a t  t he  593 has been operated 

only a t  G.E.'s Evandale, Ohio p lan t  and a t  Palmdale, Cal i fornia ,  al though 

some salt could be contained i n  the dese r t  soi l .  

Airframe Experience 

Some t i tanium is incorporated i n t o  the  airf rame of most of to- 
: 

day's high performance a i r c r a f t  used by t h e  mili tary.  

ascer ta ined,  none of  these  p a r t s  has ever f a i l e d  because of ho t - sa l t  stress- 

A s  f a r  as can be 

1 
I 

corrosion cracking. 

poss ib le  exception of the  new A - 1 1  ( b u i l t  by Lockheed), these t i tanium com- 

ponents are not subjected during f l i g h t  t o  the c r i t i ca l  combination of 

On t h e  o ther  hand, t he  ind ica t ions  are that with the  

I 
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stress and temperature known t o  i n i t i a t e  cracking i n  t h e  laboratory. For 

example, i t  i s  believed t h a t  few, i f  any, of t h e  t i tanium airframe compo- 

nents are subjected t o  temperatures above about 425 F. 

i n g  stress l e v e l s  of such p a r t s  are q u i t e  low, about 15,000 t o  20,000 p s i  

maximum. I n  addition, exposure t i m e s  a t  maximum temperatures and stress 

l eve l s  are  of s h o r t  duration. 

Furthermore, operat-  

On the  b a s i s  of the information a v a i l a b l e  it would appear t h a t  

performance da ta  f o r  t i tanium components i n  e x i s t i n g  airframes may not be 

d i r e c t l y  app l i cab le  t o  the  SST. However, t he  f a c t  t h a t  no h o t - s a l t  f a i l -  

u re s  have been reported i s  encouraging. It i s  a l s o  expected t h a t  perfor- 

mance of t i tanium i n  t h e  A - 1 1  a i r f rame w i l l  be more c l o s e l y  r e l a t e d  t o  

t h a t  an t i c ipa t ed  f o r  t h e  SST. 

Laboratory Creep Test ing 

Most of the  experimental data  on the  h o t  sa l t  s t r e s s -co r ros ion  

For cracking problem has been developed using creep t e s t i n g  f a c i l i t i e s .  

studying such va r i ab le s  as t i m e ,  temperature, and stress, creep t e s t i n g  

f a c i l i t i e s  can be r e a d i l y  adapted t o  the  problem. I n  some l abora to r i e s  

other v a r i a b l e s  have been introduced, such as  the  e f f e c t  of (a) c y c l i c  

exposures, (b) v a r i a t i o n s  i n  the  composition of t h e  sa l t  and methods of 

applying it, (c) metallurgy of t h e  t i tanium a l loy ,  and (d) coat ings t o  

m i t i g a t e  t h e  a t tack.  

Information was made a v a i l a b l e  from Douglas A i r c r a f t  giving the 

r e s u l t s  of a t i tanium a l l o y  s t r e s s -co r ros ion  study which vas subcontracted 

t o  inves t iga to r s  a t  McDonnell A i rc ra f t .  A f i n a l  r epor t  i s  about t o  be is- 

sued. This experimental work made use of creep furnaces which were run a t  

temperatures somewhat higher  (600, 700, 800 F) than the range of major 

i n t e r e s t  t o  t h e  SST s t r u c t u r a l  program (400 - 550 F). 
t o  predict  36,000-hour l i f e  i n  service from t h e  100-hour data  developed i n  

the  NcDonnell Laboratory, a few i n t e r e s t i n g  r e s u l t s  can be mentioned. 

While i t  1s d i f f i c u l t  

Douglas and McDonne11, under t h e i r  t e s t  conditions, e s t ab l i shed  

t h a t  t i t an ium a l l o y  samples f i rs t  exposed t o  sea a i r  on the  E l  Segundo 
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Beach were j u s t  as suscept ib le  t o  ho t - sa l t  cracking i n  a creep furnace as 

samples t h a t  w e r e  coated with synthe t ic  sea s a l t  i n  the  laboratory.  

I n  the  temperature range or' 600, 700, and 800 F, it can be con- 

cluded from the  s t ress -cor ros ion  test  r e s u l t s  t h a t  the  Ti-6A1-4V a l l o y  under 

t e n s i l e  stress rap id ly  lo ses  its load-carrying a b i l i t y  as a r e s u l t  of the  

sal t  app l i ca t ion  as compared with the  corresponding creep s t r eng th  f o r  un- 

contaminated samples. 

Ti-@1-3140-lV, Ti-5Al-2.5Sn, and 5A1-1.25Fe-2.75Cr (ES140) a l loys .  

S imi la r  loss of p rope r t i e s  i s  found f o r  Ti-GA1-1Mo-lV, 

One a spec t  of t he  problem of h o t - s a l t  s t ress -cor ros ion  cracking 

is the  d i f f i c u l t y  of e s t ab l i sh ing  when the  t e s t  specimen has, f o r  a l l  prac- 

t i ca l  purposes, l o s t  i t s  load-carrying a b i l i t y .  

A technique developed a t  Langley F i e l d  has l ed  t o  considerable  

information f o r  the  Ti-8Al-Ulo-lV and for  t h r e e  o the r  s t r u c t u r a l  a l loys.  

A s p e c i a l l y  designed bend sample i s  employed. 

a few s a l t e d  and s t r e s s e d  samples are removed from the  creep furnace and 

checked f o r  damage. 

o r a t i o n  of the  given al loy.  

A t  f requent  t i m e  i n t e r v a l s  

Thus, a continuous record is  a v a i l a b l e  of the  de t e r i -  

By malting use of l a rge  numbers of  specimens and car ry ing  out the  

tests f o r  long per iods of t he  order  of 3000 t o  GO00 hours, r e s u l t s  of value 

t o  the  SST program have been obtained. 

A sunnnary of t h e i r  da ta  i s  given i n  Figure 1. Note t h a t  the  T i -  

4A1-3Mo-lV a l l o y  a t  100 k s i  and the  Ti-GA1-4V a l l o y  a t  50 k s i  showed no 

l o s s  of s t r eng th  f o r  the  e n t i r e  per iod on test. 

c l e a r l y  demonstrate d i f f e rences  i n  the  s u s c e p t i b i l i t y  of vazious a l l o y s  t o  

s t ress -cor ros ion  cracking by hot  salt. 

The Langley F ie ld  r e s u l t s  

TJork i n  progress  a t  North American Aviation, Los Angeles, i s  

developing long-time r e s u l t s  f o r  t i tanium a l loys .  

type samples are being exposed a t  650 F. 

is  continuously exposed a t  temperature i n  t h e  c i r c u l a t i n g  a i r  furnace, 

another  s e t  i s  given a cycle  i n  which the samples are exposed a l t e r n a t e l y  

t o  two weeks i n  the  furnace a t  temperature, and then t o  two weeks i n  a 

t r o p i c a l  humidity chamber a t  100 F. 

Dead weight can t i l eve r -  

One set of sa l t -coa ted  samples 

For a t i m e  i n t e r v a l  of  13,240 hours and f o r  t he  condi t ions of 

(a) no salt ,  (b) sa l t  coated, and (c) salt p lus  cycle,  t h e  following 

11 
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r e s u l t s  were obtained, 

IIAA T e s t  Resul ts  a t  13,240 hours a t  650-E 

Allov No Sal t*  Sa It* Sa It Plus Cycle*+: 

Ti-  6A 1- 4V No Fa i lu re  No F a i l u r e  No F a i l u r e  

Ti-8A1- 1Mo- 1V No F a i l u r e  2 F a i l u r e s  No F a i l u r e  

* 5 Gamples 

4 samples . 
It i s  important t o  note t h a t  t he  time a t  temperature f o r  t he  

samples being c y c l i c a l l y  exposed is only half  that f o r  the  samples he ld  

continuously a t  temperature, 

of t h e  four  samples i n  each set i n  t h e  sal t -plus-cycle  condi t ion has 

fa i led .  

This m y  be a f a c t o r  i n  explaining why none 

These tests are being continued. 

I n  consider ing the  f a c t  t h a t  a study of s t ress -cor ros ion  crack- 

i n g  of t i t an ium a l l o y s  must be made on t h e  bas i s  of a s ta t i s t ica l  approach, 

it would be des i r ab le  t o  g r e a t l y  increase  the number of samples undergoing 

c a n t i l e v e r  salt  t e s t i n g  a t  NAA. Variat ions i n  exposure, such as the  use 

of a cycle,  are very important, It may be that the  t i m e  i n  zhe humidity 

cabine t  could be reduced t o  one day, thus allowing more t i m e  a t  tempera- 

ture ,  

i n t e r e s t  t o  t h e  SST program, 

The use of higher  stresses a t  lower teuperature  a l s o  would be of 

Other Laboratory Inves t iga t ions  

A t  Renton, Washington, Boeing Ai rc ra f t  has a n  i n t e r e s t i n g  experi-  

mental  arrangement f o r  t he  s tudy of s t ress -cor ros ion  cracking, 

is  exposed t o  a cyc le  which c o n s i s t s  of immersion i n  3-1/2 p e r c e n t  sa l t  

solut ion,  hea t ing  t o  550 F and then a i r  cooled. 

The sample 



The choice of 550 F for t h e  high-temperature po r t ion  of t h e  exposure and 

the provision of a cycle  make t h i s  experimental arrangement of consider- 

a b l e  interest  t o  t h e  SST program. 

house" prozram w i l l  be  expanded t o  a l l o v  f o r  t h e  study of a number of 

variables.  

It i s  understood t h a t  Boeing's "in- 

Some preliminary r e s u l t s  f o r  Ti-GA1- 1Vlo- 1 V  were provided by 

Boeing showing (a) exposure t o  40 ksi a t  500, 550, and 600 F %or 1000 

hours, and (b) c y c l i c  exposure a t  87 icsi f o r  1000 hours. This l a t te r  

cycle  vas as  follows: 

15 min 
35 min 
10 min 

70 - 550 F 
550 F 
550 - 70 I: 

A 3.5% N a C l  so lu t ion  is ueed t o  immerse t h e  sample a t  room temperature. 

S t r e s ses  are set a t  50, 75, and 90 per  cent  of yield.  The Ti-8Al-lT.Io-lV 

a l l o y  is  being used with the  duple:; annealing treatment. 

A t  40 k s i  and a temperature of 500 F no f a i l u r e  was observed 

a t  2625 hours, as shown i n  Table 2. A t  550 F one sample f a i l e d  i n  less 

than 1000 hours and the  o the r  shotred se r ious  loss  of p rope r t i e s  a t  1000 

hours. 

Research on t h e  Nechanism 

Materials Research Laboratory has been studying the  fundamental 

mechanism of t he  s a l t  stress corrosion of Ti-GA1-4V. Their  apparatus makes 

it possible t o  provide a con t ro l l ed  atmosphere next t o  t he  Ti-6A1-4V anode, 

which i s  t h e  couple member under stress. 

pressure i s  provided. 

c i r c u i t  between the  two electrodes.  

f o r  d i f f e r e n t  con t ro l l ed  pressures  a t  the anode up t o  atmospheric. 

A t  t he  cathode,air  a t  normal 

A dry-sal t  br idge completes the  electrochemical 

They propose t o  observe crack length 

C e l l  

current a l s o  w i l l  be measured. 

evidence on the fundamental species  which follow g r a i n  boundaries under 

By t h i s  procedure they p lan  t o  ob ta in  

14 



TABLE 2. T i -  8A1- lifo- COP,ROSIOiJ TESTING SALT SLURRY 
AXJD CONSTAHT STRESS (40,000 p s i )  

Elongation, 
pe r  cent  

Ftu FtY i n  2" 

T = 500 F; t = 1000 h r  152.6 139.2 12.5 
153.5 135.2 13.5 

T = 500 P; t = 2625 h r  154.5 138.2 13.0 
155.0 138.7 12.5 

T = 550 F; t = 1000 h r  (b) 113.0 90.8 10.0 -- 
T = 600 F ;  t = 1000 h r  56.1 -- 0.4 

66.7 -- 0.5 

Pre-exposure data  143.0 132.0 14.0 

(a) 

(b) 

A l l  material from Heat IJo. D3457 TXCA. 
Cne specimen f a i l e d  i n  less than 1000 hr. 

TABLE 3. Ti-aAl-li.lo-1V DUPLE;: ANHEAL 3.5% i JaCl  SOLUTIO11 
CYCLIC TiEMPEE3ITURE (1000 hours a t  57 ksi) 

Ftu F t Y  Elongation i n  2" 
~ 

Pre-exposure 143 0 132.0 14% 

Pos t-exposure 154.0 136.4 12% 

The program i n  progress a t  Boeing i s  employing the  fo l -  
lowing cyc le  : 

Room to  550 F 10 min 

150 min 550 F 

10 min 550 F t o  room temperature 

10 min a t  room temperature 



stress. 

v o l a t i l e  compound, a i r  pressure should have l i t t l e  e f f ec t .  

hand, i f  a v o l a t i l e  ch lo r ide  is involved, t h e  r e a c t i o n  should be s e n s i t i v e  

t o  t h e  ambient pressure a t  t h e  anode. 

I f  the  a t t a c k  is caused by ch lo r ide  ions  i n  a r e l a t i v e l y  non- 

On the o the r  

DISCUSSION OF TH3 PHENONENOM AND MEC~MISMS OF HOT- 
SALT STRESS-CORROS I O N  CRACKING OF TITAIJIUN ALLOYS 

Nature of Attack 

The examples of h o t - s a l t  cracking of t i t an ium discussed i n  pub- 

l ished r e p o r t s  o r  during v i s i t s  t o  the  var ious l abora to r i e s  engaged i n  

researching the  problem show t h e  a t t a c k  t o  be predominantly in t e rg ranu la r  

i n  nature. 

t i tanium a l l o y  g r a i n  boundary should be a f f e c t e d  by boundary d i so rde r  and 

t h e  disorder ing e f f e c t s  of stress and deformation. I n  addition, i f  t h e r e  

i s  segregation o r  absorpt ion of s o l u t e  atoms o r  i n t e r s t i t i a l s  a t  g r a i n  

boundaries t h i s  a l s o  would a f f e c t  g ra in  boundary a c t i v i t y .  

systems selective a t t a c k  of g ra in  boundaries can be i n i t i a t e d  i n  a given 

environment i n  the  absence of appl ied and/or r e s i d u a l  t e n s i l e  stresses. 

This is not surpr is ing,  s ince  the  chemical a c t i v i t y  of t he  

For many a l l o y  

. 

Consideration of Other Allov Systems 
Exhibi t ing In t e rg ranu la r  Cracking 

It is  of i n t e r e s t  t o  consider t h e  environment-alloy combinations 

t h a t  lead t o  in t e rg ranu la r  f a i l u r e  of t ens i l e - s t r e s sed  samples. 

t h e  o ldes t  t o  be i d e n t i f i e d  is t h e  season cracking of brass  i n  ammoniacal 

atmospheres. Pure copper is  immune t o  cracking under similar condi t ions . 
One of 

Aluminum a l l o y s  s u f f e r  i n t e rg ranu la r  s t r e s s -co r ros ion  cracking 

I n  t h i s  case i t  has  been found t h a t  t h e  cracking i n  chlor ide solutions.  

occurs as the  r e s u l t  of t he  formation of i n t e r m e t a l l i c  compounds, o r  zones 

around the  compounds, which are h ighly  anodic t o  t h e  body of the  surround- 

ing  grains. 
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Under s p e c i f i c  condi t ions caus t ics  w i l l  cause in te rgranular  

cracking of nickel-base a l loys ,  carbon s tee l ,  and copper-base al loys.  

Some low a l l o y  and carbon steels a l s o  exhib i t  in te rgranular  f a i l u r e s  i n  

n i t r a t e  and ch lo r ide  solut ions.  

In te rgranular  embrittlement of aluminum-, titanium-, gallium-, 

iron-, and copper-base a l l o y  systems by mercury, cadmium, zinc, gallium, 

and o ther  low-melting-point metals is w e l l  documented. I n  each case 

cracking occurs i n  the  presence of tensile stress only i f  t h e  embr i t t l i ng  

agent is i n  t h e  molten form. 

It has been found t h a t  iJaC1 and other  ha l ide  s a l t s  w i l l  cause 

in t e rg ranu la r  a t t a c k  and/or cracking of a u s t e n i t i c  s t a i n l e s s  s t e e l s  and 

some nickel-  and cobalt-base super a l loys.  

s t e e l s , s t r e s s  is not found t o  be a factor ,  and the  mechanism of the  a t t a c k  

is bel ieved t h a t  of acce lera ted  p r e f e r e n t i a l  oxidat ion of grain-boundary 

carbides. 

above the  melt ing poin t  of NaC1. 

I n  the  case of the  s t a i n l e s s  

Attack of the  super a l l o y s  only occurs a t  high temperatures w e l l  

I n  each of the  a l l o y  systems previously discussed, s t ress -cor ros ion  

cracking occurs only i n  the  presence of a l iqu id  o r  gas. 

s t ress -cor ros ion  cracking has  ever been recognized as such when thc environ- 

ment was completely sol id .  

No instance of 

From these  f a c t s  and experiences it is l o g i c a l  t o  expect t h a t  a 

l i qu id  o r  gas phase needs t o  be present  in order t o  account f o r  t he  hot-  

s a l t  cracking of t i tanium al loys.  

an  e f f o r t  has  been made t o  f ind  chemical reac t ions  which could lead t o  

a l i q u i d  phase a t  temperatures of the  order  of 550 F or higher  and a 

s o l i d  phase below t h i s  temperature. 

I n  the  study of poss ib le  reac t ions  

Thermodvnamic Considerations* 

Thermodynamic considerat ions were used t o  pos tu la te  chemical 

r eac t ions  which may be involved i n  the  hot -sa l t  s t ress -cor ros ion  cracking 

* Dr.  James J. Ward of the  B a t t e l l e  s t a f f  a s s i s t ed  the  au thors  i n  
developing the  concepts presented here. 



of t i tanium al loys.  

gives  no information on the  r a t e  of cor ros ion  o r  on the  path followed i n  

the  ac tua l  corrosion react ion,  

is tha t  any pos tu la ted  corrosion mechanism must have i n i t i a l  and f i n a l  

states as  w e l l  as intermediate  s t e p s  t h a t  are i n  agreemene with thermo- 

dynamic pr inc ip les .  I n  the prepara t ion  of t h i s  sect ion,  the  work of 

Crucible Steel, ITT Research I n s t i t u t e ,  and o the r s  was reviewed. 

In t h i s  work it i s  r e a l i z e d  t h a t  thermodynamics 

The value of t h e  thermodynamic approach 

Basic da ta  f o r  t he  thermodynamic cons idera t ions  a r e  given i n  

From the  da ta  i n  Table 4, t he  s tandard f r e e  energy of reac- Table 4. 
t i ons  of i n t e r e s t  were ca lcu la ted  and are given i n  Table 5. 

ac t ions  are h e l p f u l  i n  specula t ing  on cor ros ion  mechanism and on the  

various s tages  i n  t h e  observed a t tack .  

These re-  

Reaction 1 i n  Table 5 gives  the  primary cor ros ion  react ion.  The 

r eac t ion  product Na20 can i n  t u r n  react with water vapor to form molten 

NaOH as l i s t e d  i n  Reaction 11. Reactions 2 and 3 a l s o  show the  poss ib i l -  

i t y  of forming l i qu id  sodium. 

solve NaCl and poss ib ly  TiC12 t o  give a l i q u i d  system a t  temperatures 

even lower than about GOO F. It can be envisioned t h a t  ch lor ide  ions 

could be t ranspor ted  by the  molten NaOH thus al lowing the  cor ros ion  

within c rev ices  by t h i s  mechanism t o  continue. 

is very co r ros ive  t o  t i t an ium whether ch lor ides  a r e  present  o r  not. 

t h e  caus t i c  were formed only near the anode, as might be expected, it 

could account for attack above 600 F. 

The molten NaOH could be expected t o  d i s -  

Molten c a u s t i c  i t s e l f  

If 

Reactions G and 7 of Table 5 ind ica t e  the  Corma'iion of a gase- 

ous T i O C l  

so l id  r eac t ion  product. 

a t tack,  t he  a t t a c k  would be expected t o  decrease as the  a i r  movement over 

the  sample w a s  increased, and the re  is  some evidence t h a t  t h i s  may be SO. 

On the o ther  hand, i f  gaseous r eac t ion  products are necessary f o r  crack- 

ing, then j u s t  hea t ing  a sa l t - t i can ium mixture could be expected t o  crack 

a t i tanium sample not  i n  contac t  wi th  the  salt,  bu t  t h i s  is not t he  case. 

from TiC12 and 02. This r eac t ion  would leave Na20 a s  the  only 
2 

If a gas i s  responsible  f o r  the  in t e rg ranu la r  

Reactions 4 and 5 p r e d i c t  t h a t  Tiel2 r a t h e r  thari a h igher  chlor-  

ide  is the  thermodynamically s t a b l e  chloride.  

i n  Reaction 5 may be regarded as a dispropor t iona t ion  of TiC12 i n  Reaction 

2. 

The formation of TiC14 gas 
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& Ff", kcal/gmole 
Temperature 

400 K 500 K 600 K 700 K 
Compound 260 F 440 F 620 F 600 F 

-89.522 -87.262 -84. 993 -82.765 

2. Na20(s) -86. 620 -83.098 -79.578 -76.072 

3. Na202(s) - 10L800 -96.40 -91.10 -85.90 

(1) 1.. NaCl(s) 

4. NaOH(s) o r  (1) -86.498(s) 43.122(s) -79.857(1) -76.725(1) 

50 NaA102(~) - 25 2 454 -247 122 -241.794 -236.431 

6. Xa2Ti03 (s) - 349.460 -342.290 -334,900 -328.640 

7. TiC12(s)  -108.238 - 104,653 -101.125 - 97.646 

8. T i 0 2 ( s )  -207.780 -203.399 - 199.063 - 194. 765 

9. TiC13(s)  -150.321 -145.115 -140,004 - 134.979 
10. TiC14(g)(3) - 170.712 (1) -167.589(2) - 164. 633 - 16 1.750 

11. TiOCI2(g) - 127,015 - 126.158 -125.295 - 124.425 

12. 02(g) 0 0 0 0 

13. O 3 ( d  C40.601 f42.272 +43 940 4-45 . 605 
14. H20(~) -53.517 -52.359 -5 1.155 -49. 912 

(1) s = so l id  

(2) 1 = l iqu id  

(3) g = gas 
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The thermodynamic dr iv ing  force  o f  ozone ins tead  of oxygen is 

shown t o  be very much g rea t e r  i n  the corrosion reaction. 

s i o n  may be reached by comparing Reactions 8, 10, and 13 with Reactions 

1 and 9. This  is  of i n t e r e s t  because a t  75,000 fee t ,  t h e  SST would be 

expected t o  c r u i s e  i n  a r a r i f i e d  a i r  containing a higher  percentage of 

ozone as compared with low a l t i t udes .  0 

This conclu- 

Role of Oxygen 

It is bel ieved by some inves t iga tors  that i n  order  f o r  hot-  

s a l t  cracking of t i t an ium t o  occur some oxygen must be present. 

oxygen may be e i t h e r  i n  the  gaseous form or suppl ied by a reducible  

oxide. There is considerable evidence of the  n e e d a r  oxygen. For 

example, i n  t h e  case of s t a i n l e s s  steels it has been found t h a t  t he  

higher  t h e  concentrat ion of oxygen i n  t h e  cracking environment the  lower 

the  stress l eve l s  necessary t o  i n i t i a t e  cracking, and the sho r t e r  t he  

t i m e  t o  i n i t i a l  cracking. These observations, however, do not necessar- 

i l y  i nd ica t e  t h a t  cracking cannot occur i n  the complete absence of oxygen. 

The 

It a l s o  should be remembered t h a t  even i f  i t  can be e s t ab l i shed  

t h a t  t i t an ium w i l l  not crack i n  the  absence of oxygen the  exclusion of 

oxygen from t h e  sur face  of the  SST would not be a p r a c t i c a l  so lu t ion  t o  

the  problem. 

Role of Water Vapor 

The e f f e c t  of moisture e i t h e r  as  water of hydrat ion i n  the  

sal t  o r  as vapor i n  t h e  atmosphere has not been thoroughly inves t iga ted  

i n  r e l a t i o n  t o  the occurrence of cracking. 

moisture i n  t i t an ium corrosion reac t ions  it could be predicted t h a t  

moisture might play a s i g n i f i c a n t  role.  For example, t he  presence of 

only a small amount of water has  been found to  i n h i b i t  s t ress -cor ros ion  

cracking of t i t an ium a l l o y s  i n  red fuming n i t r i c  acid. 

In  consider ing t h e  r o l e  of 

I n  addi t ion,  dry 
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chlor ine  r ap id ly  a t t a c k s  t i tanium, while w e t  ch lor ine  gas (2% moisture) 

attaclcs t i t an ium only s l i g h t l y .  S imi la r  e f f e c t s  of moisture have been 

observed f o r  o ther  metal and a l l o y  systems. 

Further  evidence t h a t  water vapor may be important i s  found 

from a cons idera t ion  of the  environment e x i s t i n g  i n  j e t  engines where no 

ho t - sa l t  cracking f a i l u r e s  have been observed t o  date. I n  any case, the  

normal composition of the  a i r  r e s u l t s  i n  higher  humidity content. 

These observat ions appear t o  suggest s t rong ly  t h e  p o s s i b i l i t y  

of the ex is tence  of a c r i t i ca l  moisture l e v e l  (or r e l a t i v e  humidity) where 

cracking may occur rapidly.  Above o r  below t h i s  l e v e l  cracking may be re- 

tarded o r  completely inhibi ted.  The role of water warrants f u r t h e r  research. 

Role of HydroKen 

The embr i t t l i ng  e f f e c t  of hydrogen on most of our common ma te r i a l s  

of construction, including t i taniupl ,  is  w e l l  documented. Although some 

of the r eac t ions  previously discussed can r e s u l t  i n  t he  l i b e r a t i o n  of hy- 

drogen, t he re  i s  no evidence t o  suggest t h a t  cracking is d i r e c t l y  r e l a t e d  

t o  loss of d u c t i l i t y  r e s u l t i n g  from hydrogen piclcup. 

be i n t e r e s t i n g  t o  analyze h o t - s a l t  cracked samples of  t i t an ium t o  de te r -  

mine i f  they a r e  high i n  hydrogen a f t e r  exposure. 

However, i t  would 

Gaseous Versus Liquid Reaction Products 

Two schools of thought exist  as t o  the  mechanism of the  cracking. 

One suggests t h a t  ch lor ine  and/or hydrogen ch lo r ide  gas i s  respons ib le  f o r  

the  cracking and the  o the r  pos tu l a t e s  a t t a c k  by a low melt ing poin t  s a l t  

mixture based on sodium hydroxide. 

theor ies  bu t  i t  would appear t h a t  the  da ta  favor  the  need f o r  a l i q u i d  

phase. 

There i s  evidence t o  support  both 

For example, i f  ch lor ine  o r  HC1 gases were involved, cracking 

of non sa l t -coa ted  specimens would be expected t o  occur i f  the  specimens 

were exposed i n  the  vapor phase above hot  sodium ch lo r ide  o r  i n  the  same 
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furnace containing sal t -coated specimens. 

these  conditions,  however, and i n  f a c t  it has been found that no cracking 

does occur unless  t h e  sa l t  i s  a c t u a l l y  i n  contact with the  specimens. 

Furthermore, crack i n i t i a t i o n  appears t o  occur a lonz  t h e  ou te r  edge of 

t h e  salt coating, and i f  the  crack propagates outs ide the  s a l t  cover i t  

s tops  u n t i l  t he  salt again creeps t o  cover the crac!ced area. 

Cracking does not  occur under 

t Possibly t h e  most important piece of evidence favoring the  ne- 
c e s s i t y  f o r  a l i q u i d  phase i s  the  f a c t  t h a t  no cracking has been observed 

a t  temperatures of 500 F and below. 

ros ion  products have melt ing po in t s  i n  excess of 500 F. 

would be expected t o  be active a t  temperatures below 500 F. 
b i t  of da ta  favoring the  l i qu id  phase theory is tne observation t h a t  lower 

melt ing po in t  salts are the  most ac t ive ,  and sea salt,  which contains  a 

number of elements, is more aggressive than the  ASI" syn the t i c  salt (3% 

Host of t h e  poss ib le  salts and cor- 

Gases, however, 

One f u r t h e r  

, EaCl  + 0.5% 14gC12), which i n  t u r n  causes more rap id  cracking than pure 
1 

iJaC1. 

Electrochemical Aspects of the Problem 

It is  general ly  agreed that t r u e  cases of s t ress -cor ros ion  

cracking involve a n  electrochemical step,  a t  least i n  part .  

trochemical approach t o  the  ho t - sa l t  cracking of titanillin has  been 

given some consideration. Information developed to da te  is not  con- 

clusive,  bu t  does suggest that f u r t h e r  research i n  t h i s  area n igh t  be 

f r u i t f u l .  Cer ta in ly  i f  it could be es tab l i shed  t h a t  the  mechanism of 

cracking i s  electrochemical i n  nature it would be f u r t h e r  evidence f o r  

the presence of a l i q u i d  phase. 

The elec- 

S t r e s s  

E i t h e r  r e s i d u a l  o r  appl ied t e n s i l e  stresses are a necessary 

p re requ i s i t e  for st ress-corrosion cracking. I n  general, the  higher  
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t h e  stress levels the sho r t e r  t he  time t o  f a i lu re .  

t he re  is a c r i t i c a l  stress level  below which no cracking is i n i t i a t e d .  

I n  the case of the  ho t - sa l t  cracking of t i tanium t h i s  c r i t i c a l  stress 

level has not been e s t ab l i shed  and the  e f f e c t  of p l a s t i c  and elastic 

deformation has  not been defined. There i s  some i nd ica t ion  t h a t  unless  

t he re  i s  a small amount of p l a s t i c  deformation cracking may not occur. 

It w i l l  be remembered t h a t  t he  occurrence of h o t - s a l t  cracking was f irst  

observed during creep tes t ing .  I n  addi t ion,  t i t an ium does not become 

embri t t led by l i q u i d  mercury unless i t  is  subjected t o  p l a s t i c  deformation 

For most systems 

while i n  contact  with the  mercury. 

immersing it i n  a ba th  of mercury w i l l  not cause fracture .  

f e l t  that the  e f f e c t s  of p l a s t i c  versus elastic deformation should be 

studied , 

Simply s t r e s s i n g  the  t i tanium and then 

It i s  a l s o  

DISCUSSION AlJD COiJCLUSIONS 

There seems t o  be a d i f f e rence  05 opinion among the  government 

agencies and i n d u s t r i a l  companies who have a v i t g l  i n t e r e s t  i n  t he  devel- 

opment of the  SST a s  t o  whether a Mach 2.5 supersonic t r a n s p o r t  o r  a 

Mach 3.0 t r anspor t  should be developed a t  t h i s  t i m e ,  

would be favored f o r  e i t h e r  design. 

not be necessary t o  be concerned with the ho t - sa l t  cracking problem of a 

t i tanium a l loy ,  a t  least  not s o  f a r  as the  fuselage i n  the  leading wing 

edges is concerned. There may be areas on the  fuselage a f t  of t h e  engines 

where higher  temperatures might be encountered as a r e s u l t  of t he  exhaust. 

However, t hese  areas could be provided f o r  by a n  ox ida t ion - re s i s t an t  m e t a l  

not subject  t o  salt deter iorat ion.  I n  any case, the problem of using a 

t i tanium a l l o y  f o r  a I4ach 3 supersonic t r anspor t  must be faced some day, 

i f  not now. 

be t t e r ,  s ince  long-time effects need t o  be inves t i za t ed  i n  g r e a t e r  d e t a i l .  

The w e l l  known Ti"P, Report No. 83, i n  which a group of i n d u s t r i a l  

organizations working on the  h o t - s a l t  problems with t i tanium a l l o y s  pooled 

t h e i r  knowledge, s t i l l  contains  i n  essence the  main f a c t s  knam today 

A t i tanium a l l o y  

However, f o r  the  2.5 design i t  would 

Also, the ear l ier  the  research problems are ou t l ined  the  
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about t he  problem. Although add i t iona l  information i s  now avai lable ,  the 

f a c t  remains tha t  it has ye t  t o  be establ ished t h a t  the hot-sal t .  problem 

e x i s t s  i n  service. 

a t  temperatures known to  cause ho t - sa l t  cracking, no f a i l u r e s  have been 

reported. 

f e r e n t  from those i n  an airframe, i t  might be expected t h a t  a t  some time 

condi t ions favoring cracking would be reached i n  engine service, 

Although considerable t i tanium is used i n  j e t  engines 

While it is  t r u e  t h a t  conditions i n  an engine may be much d i f -  

A p l o t  of the  r e s u l t s  from various labora tor ies  on the  b a s i s  

of appl ied  t e n s i l e  stress versus temperature is shown i n  Figure 2. 

The r e s u l t s  for time versus stress i n  the  temperature range 500 t o  900 F 

are presented i n  Figures 3 through 11 inclusive. 

from the  l imi ted  amount of data ava i l ab le  f a i l u r e s  a r e  reported f o r  ten- 

si le loads as low as 25 k s i  a t  650 F, and 40 ksi a t  600 F and 550 F. 

a r e  no f a i l u r e s  reported a t  500 F and below. 

It should be noted t h a t  

There 

I f  t h e  time versus s t r e s s  data for  550 F are examined, it w i l l  

be observed t h a t  f a i l u r e s  have been recorded a t  around 100 hours a t  stresses 
of the  order of 50,000 psi. 

than 1000 hours a t  40,000 psi. 

t o  ob ta in  f a i l u r e  or  l o s s  of properties.  

shortens the  time t o  fa i lure .  

t h a t  lowering the  temperature t o  500 C would cause t i t an ium a l l o y s  t o  have 

a l i f e  t i m e  g rea t e r  than 30,000 o r  40,000 hours. 

I n  another case f a i l u r e  was observed a t  less 

A t  lower stresses longer times are required 

Raising the temperature usua l ly  

However, i t  has not been proved conversely 

Examination of the  data  t h a t  are avai lab le  would suggest t h a t  a t  
It may 500 F and below the  ho t - sa l t  problem is not p a r t i c u l a r l y  serious.  

be t h a t  service w i l l  later show that there  a re  no f a i l u r e s  a t  500 F o r  

less. I n  any case, a short-time f a i l u r e  would not be expected a t  t h i s  

temperature from the  evidence t h a t  is  a t  hand, For sk in  stresses i n  ten- 

s i o n  a t  550 F o r  above, the ho t - sa l t  problem should be of concern f o r  t he  

f i r s t  supersonic t ransport .  

t r i m  a t  po in ts  of h ighes t  temperature. 

It may be desirable  t o  use o the r  metal f o r  

Since the  mechanism of corrosion is  not c l e a r l y  es tabl ished,  

it is r a t h e r  d i f f i c u l t  t o  p red ic t  what would happen i n  supersonic f l i g h t .  

There is some i nd ica t ion  that movement of a i r  decreases t h e  suscept ib i l -  

i t y  t o  hot-salt :  cracking. If t h i s  can be fur ther  es tabl ished,  c e r t a i n l y  
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exposed p a r t s  then would not  be expected t o  f a i l  by t h i s  mechanism. 

However, i n  every a i rcraf t  s t r u c t u r e  the re  are crevices, lapped j o i n t s ,  

and other  s t r u c t u r a l  conf igura t ions  where s a l t  can be trapped. Some 

of these a r e a s  have r e l a t i v e l y  s tagnant  condi t ions  and cracks may 

o r ig ina t e  i n  them. 

crack spreads out  of a salt-contaminated area,  the  crack w i l l  stop. 

crack-propagation s u s c e p t i b i l i t y  of the  Ti-8Al-lIio-lV a l l o y  i s  being 

es tab l i shed  and the re  i s  s t rong  ind ica t ion  t h a t  t i t an ium is not  corroded 

i n  the v i c i n i t y  of salt,  bu t  only when t h e  a l l o y  is  i n  d i r e c t  contac t  

with salt. 

There is  some evidence, however, t h a t  once the 

The 

I n  s p i t e  of t h e  previously discussed da ta  and the  e x c e l l e n t  

se rv ice  record of t i tanium, the re  i s  no sound method a v a i l a b l e  a t  present  

f o r  pred ic t ing  whether a supersonic  t r anspor t  operat ing for30,OOO t o  40,000 
hours would experience h o t - s a l t  cracking. On t he  o the r  hand, it should be 

remembered t h a t  many of the  high-strength aluminum a l loys ,  low a l l o y  steels, 

and stainless steels are very suscept ib le  t o  s t ress -cor ros ion  cracking i n  

marine environments even a t  ambient temperatures. I n  s p i t e  of t h i s  sus- 

c e p t i b i l i t y , t h e s e  a l l o y s  are ex tens ive ly  used i n  today's high-performance 

a i r c r a f t .  Heat treatments, p ro t ec t ive  coating, and sur face  t reatments  have 

been developed through research. 

t he  chance of premature f a i l u r e s  due t o  s t r e s s -co r ros ion  cracking. 

These minimize o r  completely e l imina te  

Even i f  t i t an ium a l l o y s  are found t o  be suscep t ib l e  t o  h o t - s a l t  

s t ress -cor ros ion  cracking under opera t ing  condi t ions pred ic ted  f o r  the  SST, 

there  i s  every reason to  be l ieve  t h a t  through research, p r a c t i c a l  protec- 

t i v e  schemes can be developed t o  the same ex ten t  t h a t  they have been f o r  

other  metals and al loys.  

U n t i l  proved otherwise, t i t an ium a l l o y s  should be considered 

as p r ime  materials f o r  the  supersonic  t ransport .  

AREAS APD RECOMENDATIONS FOR FUTURE WORK 

This survey of t h e  state of t he  a r t  has brought out  t he  f a c t  

t h a t  t he re  is a s c a r c i t y  of app l i cab le  da ta  on the  problem of the  hot- 



sal t  s t ress -cor ros ion  cracking of t i tanium. 

of t he  work has been handicapped by programs too  l imited i n  scope and too 

r e s t r i c t e d  i n  support. 

and an  appl ied  nature. 
so that the  r e s u l t s  of each program can be e f f i c i e n t l y  u t i l i z e d  t o  obta in  

i n  the  s h o r t e s t  possible  time answers t o  such questions as the  following. 

The impression i s  t h a t  much 

Future research should be of both a fundamental 

It should be coordinated through one c e n t r a l  point  

1. 

2. 

3. 

For a given a l l o y  a t  a given temperature, what is the  

maximum t e n s i l e  stress than can be employed on a salt- 

coated s t r u c t u r a l  member €or  a l i f e  of 36,000 hours o r  

more? 

What is the  maximum temperature f o r  a given a l l o y  belm.7 

which no a t t a c k  by hot salt  i s  observed on t e n s i l e  stressed 

samples c lose  t o  the y i e ld  point? 

What type and ex ten t  of preventive treatments, e i t h e r  during 

f ab r i ca t ion  and construction, o r  during regular  service 
maintenance, w i l l  minimize o r  prevent t he  occurrence of 

premature service fa i lures .  

1,fechanism Studies 

There i s  a prime need for a more extensive study of the  mechan- 
i s m  of the  hot-salt: cracking. 

of crack i n i t i a t i o n  and propagation, corrosion experiments simulating SST 
condi t ions could be planned more in te l l igent ly .  

so f a r  have been backed up by thennodynamic calculat ions,  but  there  i s  
c e r t a i n l y  no general  agreement on the  k ine t i c s  of t he  reaction. 

s e e m  t h a t  t he  most f r u i t f u l  areas f o r  basic research include: 

With a b e t t e r  knowledge of the  mechanism 

The mechanisms proposed 

It would 

1. I d e n t i f i c a t i o n  of the  phases present i n  salt  coat ings a f t e r  

cracking has occurred, and i d e n t i f i c a t i o n  of any gaseous 

phases given of f  as a r e s u l t  of heat ing t i tanium i n  the  

presence of s a l t .  

A study of t he  r o l e  of moisture i n  the  i n i t i a t i o n  and 

propagation of' craclcs. 

2. 
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3. A study of p l a s t i c  versus  elastic deformation i n  i n i t i a t i n g  

cracking. 

A s tudy of the  r e l a t i o n s h i p  of me ta l lu rg ica l  f a c t o r s  such 

as f i n e  s t ruc tu re ,  previous f a b r i c a t i o n  h is tory ,  and g ra in  

s i ze  t o  cracking s u s c e p t i b i l i t y .  The use of transmission- 

e l e c t r o n  microscopy should prove t o  be a use fu l  t o o l  i n  

studying sub-grain s t r u c t u r e s  i n  and around cracks. 

4. 

5. Inves t iga t ion  of the  na ture  of crack i n i t i a t i o n  from 

the  electrochemical  aspect.  

appl ied  p o t e n t i a l s  i n  promoting o r  i n h i b i t i n g  cracking, 

as w e l l  as a study of p o t e n t i a l s  e x i s t i n g  between z r a i n  

boundary phases and the  body of gra ins  would be expected 

t o  he lp  e luc ida te  the  cracking mechanism and suggest means 

f o r  preventing the  a t  tack. 

A s tudy of the  e f f e c t  of 

6. It a l s o  would be of i n t e r e s t  t o  determine whether o r  not  

cracking can be i n i t i a t e d  by o the r  ha l ide  salts, such as 

f luo r ides  and bromides. I n  t h i s  connection t h e  r o l e  of t he  

anion i n  t i m e  t o  i n i t i a t i o n  of cracks might a l s o  be inves- 

t igated.  

Applied S tudies  

I n  a more p r a c t i c a l  manner, many of t he  f a c t o r s  known t o  e x i s t  

i n  the environment should be included i n  the  labora tory  tests. 

suggested t h a t  the  ASn.1 syn the t i c  sea salt be used f o r  a l l  t he  labora tory  

evaluat ions ins tead  of e i t h e r  pure sodium chlor ide  o r  sea salt and t h a t  

humidity be held a t  a constant  level or a t  least recorded f o r  each test. 

It i s  

Considerable expenditure has been involved i n  labora tory  pro- 

grams i n  which r e l a t i v e l y  sho r t  times of exposure were involved, such aa 

a few hundred hours. 

hours are needed t o  s tudy the  i n t e r r e l a t i o n  between temperature, s t r e s s ,  

and salt. 

e r a b l y h i g h e r  than the  400 t o  500 F range of major i n t e r e s t  t o  the  

Extremely long time tests of the  order  of 10,000 

Also, t he re  a r e  a number of s i t e s  using temperatures consid- 
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supersonic t ransport ,  

programs, t he  t i m e  t o  f a i l u r e  is  much shor te r  and f a i l u r e s  a r e  o f t en  

observed i n  less than 100 hours. 

A t  these higher temperatures i n  experimental 

I n  stress corrosion inves t iga t ions  time should be s tudied on 

a logarithmic scale i n  r e l a t i o n  t o  stress o r  temperamre. For example, 

i f  a sample with a p a r t i c u l a r  caubination of stress and temperature and 

hot  salt fails i n  1000 hours, lowering t he  seve r i ty  of the  exposure by 

decreasing e i t h e r  t he  stress o r  the  temperature, o r  both, would only 

be considered a n  improvement i f  the time were extended another order  

of magniture, namely, t o  10,000 hours. 

’ 

&my of the  laboratory experiments with s t r e s sed  samples only 

r epor t  t i m e  t o  fa i lure .  

it is  much more important t o  know (a) what t i m e  the f i r s t  stress crack 

may be expected t o  appear, and (b) once it appears, how f a s t  i t  w i l l  

progress. 

It may be possible  t o  develop a creep test specimen i n  which the  damage 

with time 
tanceor by t he  change i n  the  sonic  response. 

nondestructive measuring techniques f o r  corrosion datnage would be of 

a s s i s t ance  i n  s e t t i n g  up a system t o  continuously record lo s s  of load 

car ry ing  a b i l i t y .  

From the  standpoint of the supersonic t ranspor t  

The method employed a t  Langley Field recognized t h i s  problem, 

i s  followed continuously by the  change i n  electrical resish 

A review of the ava i l ab le  

While stress, time, and temperature are a l l  important, o ther  

For example, parameters should a l s o  be included i n  the  long-range study. 

another f a c t o r  is a i r  veloci ty ,  

surfaces  of a plane would have l a rge  a reas  exposed to  the  v io l en t  sweep- 

ing  of t h e  a i r .  

goes from subsonic t o  supersonic speeds may knock the salt of f  the  sur- 

faces. 

the laboratory.  

Under Mach 3 conditions, t he  exposed 

This f a c t o r  p lus  the  f l u t t e r  which occurs when the plane 

Some considerat ion should be given t o  s imulat ing these f ac to r s  i n  

I n  the  higher  atmosphere of around 75,000 feet the  a i r  becomes 

r a r i f i ed .  

ozone than is the  case a t  around level. 
e s t a b l i s h  that ozone is not more e f f e c t i v e  than oxygen i n  i n i t i a t i n g  

craclcing. 

However, what a i r  the re  is contains a higher  percentage of 

Some s tud ie s  should be made t o  

WICB/FWF: bcw 
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Boeing Campany, Transport 
Division 
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Rent on, Washington 

Crucible S t e e l  Company 

Midland Research Laboratories 
Elidland, Pennsylvania 

of America 

Douglas Ai rc ra f t  Company, 
3855 Lakewood Boulevard 
Long Beach 1, California  

General Electric Company 
Evendale 
Cincinnati  15, Ohio 

Langley Research Center 
Langley S ta t ion  
Hampton, Virginia 

Mr. David R. Donaldson, 
Mr. Paul Sandoz, 
Mr. Harold Anderson, 
Iir. Robert A. Davis 

Inc. I*. Paul Denke 
14r. Charles H. A w r y  
Mr. D. M. Conner 
14r. Clay W. Bentley 

3% George J. Wile 
Xr. Larry Wilbers 

Mr. George J. Heimerl 
Mr. David No Braski 
Mr. Paul Kuhn 

Materia 1s Research Laboratory, Inc. ldr. E. J. Ripling 
22333 Governors Highway 
Richton Park, I l l i n o i s  

I&. R. L. Kirchner 

NASA Special  Conunittee on 
Haterials Research for 
Supersonic Transports 

Room 8215, 1520 H St ree t  
Washington, D. C. 

NASA, Federal Office Bldg., 1oB 
600 Independence Ave., S 
Room 5284 
Washington 25, D. C. 

North American Aviation 
In te rna t iona l  Airport  
Los Angeles, California 

Pir. G. C. Deutsch 
i4r. Richard H. Raring 

Mr. Harry Boertzel 

14r. Jaclc C. Joanides 
14r. E. IaRocca 
Mr. Carry Keller 
Dr.  George Martin 
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Ratt  and Whitnty Aircraft 
East Mnrtford, Connecticut 

Titanitm 14etalu Corporation 
of Ambrlca 
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New York, New York 10007 

Titanium Met.1~ Corporation 

Hendermn Technical Laboratories 

Hendcrron, Nevada 

of America 
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Mr. E. F. Bradley 

Mr. Ward W. l4inkler 
M r b  Schuyler krris 

Mr. 0. E. Cooper 
Mr. Robert Lo Powell  
Mr. Harry Rosenbcrg 

Hr. Robert Vogel 
*b A I  Elatdl 

NASA-Langley, 1964 CR-117 44 


